This paper presents synthesis, structural description and properties of a binuclear paddlewheel copper(II) carboxylate complex with formula [(py)Cu(μ-L) 4 Cu(py)], where py = pyridine and L = 4-fluorophenylacetate. Structural characteristics, electronic absorption and DNA-binding properties of the synthesized complex have been compared to those of the non-fluorinated analogues (where F is replaced by H, -CH 3 and -OCH 3 ) already reported and the modifications successfully ascribed to fluorine. The complex exhibits typical paddlewheel structure and there are two crystallographically independent molecules in the unit cell. The electronic absorption spectrum of complex is also different and the mode and extent of DNA-binding ability of complex are significantly altered owing to the presence of suitably substituted fluorine. The effect of fluorine is clearly manifested in the modified properties of synthesized complex.
Introduction
The design and synthesis of new functional complexes is the most widely explored area of research in coordination chemistry. Properties of metal complexes arise from metal ion as well as attached ligands. The metal based properties are a function of the type and number of metal ions per molecule. Thus, binuclear complexes have been found to possess enhanced biological, catalytic and magnetic properties compared to the mononuclear analogues. [1] [2] [3] Similarly, type and oxidation state of metal ion drastically alter the properties of resulting complex. 4 The other most important part of a complex are the attached ligands that have a crucial role in steering a complex to its desired properties. 5, 6 Ligand not only stabilizes a metal ion in a given oxidation state but also the geometry around it in a coordination complex. 4 Ligands can carry metal ion to its biological target in chemically variable medium of biological systems. 7 The beauty and diversity of synthetic coordination chemistry stems from the variable bonding strength and modes of the ligands having suitable donating sites. [8] [9] [10] Moreover, the properties of a complex can be modified via changing substituents on the attached ligands. 11, 12 In continuation of our previous work [13] [14] [15] we experienced a substantial change in properties of a complex having fluorine substituent instead of hydrogen, methyl and methoxy groups. Modification in structure, absorption spectrum and DNA-binding ability of the fluorous complex were observed compared to other analogues and such alterations have been presented here as a function of fluorine substituent.
Experimental

1. Materials and Methods
Anhydrous CuSO 4 , 4-fluorophenylacetic acid, pyridine, NaHCO 3 , KCl and sodium salt of salmon sperm DNA were obtained from Fluka, Switzerland. Solvents like methanol, chloroform and dimethyl sulfoxide were obtained from Merck, Germany, and used as such without drying. Water used was singly distilled. Melting point was obtained in a capillary tube using a Gallenkamp, serial number C040281, U. K, electro-thermal melting point apparatus. FT-IR spectrum was recorded on a Nicolet-6700 FT-IR spectrophotometer, Thermo Scientific, USA, in the range from 4000 to 400 cm −1 using attenuated total reflectance (ATR) technique.
Single crystal X-ray Crystallographic Study
X-ray single crystal analysis of the complex was performed at 296 K on a Bruker Kappa APEX-II CCD diffractometer using graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å). Crystal structure was solved by direct method followed by final refinement carried on F 2 with full-matrix least-squares using the program SHELXL-97. 16 The H-atoms were included in calculated positions and treated as riding atoms: C-H = 0.93, 0.96 and 0.97 Å for CH, CH 3 and CH 2 H-atoms, respectively, with U iso (H) = kU eq (C), where k = 1.5 for CH 3 and 1.2 for all other H-atoms. One of the ligands in each crystallographically independent molecules is disordered with occupancy ratio of 0.501(10):0.499 (10) . Benzene rings were treated as regular hexagons with C-atoms having equal anisotropic thermal parameters. Similarly, the substituted fluoro atoms on the phenyl rings were also treated as having equal anisotropic thermal parameters with one another.
3. DNA interaction Study by Cyclic Voltammetry
Voltammetric experiments were performed using an SP-300 potentiostate, serial number 0134, BioLogic Scientific Instruments, France. Measurements were carried out in aqueous DMSO (1:4) solution containing 0.01 M KCl, under an N 2 saturated environment in a conventional three-electrode cell with saturated silver/silver chloride electrode (Ag/AgCl) as reference, a platinum wire as counter and a bare glassy carbon electrode (GCE) with a surface area of 0.196 cm 2 as the working electrode. Prior to experiment, GCE was polished with alumina (Al 2 O 3 ) on a nylon buffing pad followed by washing with acetone and finally with distilled water. Electrochemical measurements were carried out at room temperature (25 ± 0.5 °C).
An appropriate amount of sodium salt of salmon sperm DNA (SSDNA) was dissolved in distilled water and stirred overnight. Nucleotide to protein (N/P) ratio of ∼1.9 was obtained from the ratio of absorbance at 260 and 280 nm (A 260 /A 280 = 1.9), indicating that SSDNA is sufficiently free from protein. 17 SSDNA concentration was determined via absorption spectroscopy using molar absorption coefficient of 6600 M −1 cm −1 (260 nm) for SSDNA. 18 Voltammograms of 3 mM solution of the complex prepared in aqueous DMSO (1:4) were taken in absence and presence of 10, 20, 30, 40, 50 , 60, 70 and 80 μM DNA. Moreover, in order to calculate various redox parameters, cyclic voltamograms were also recorded on 50, 75, 100, 125, 150, 175, 200, 400, 600, 900, 1200 and 1400 mV s −1 , before and after adding DNA to solutions of the complex.
4. DNA Interaction Study by Absorption Spectroscopy
Solutions of the complex for UV-Visible spectrophotometric analysis were prepared in aqueous DMSO (1:4) at a concentration of 6 mM. UV absorption titrations were performed by keeping concentration of the complex fixed while varying SSDNA concentration. Equivalent solutions of SSDNA were added to each of complex and reference solutions to eliminate the absorbance of SSDNA itself. Spectra of complex-SSDNA solutions were recorded at room temperature (25 ± 1 °C) using cuvettes of 1 cm path length.
5. Procedure for the Synthesis of Complex
Sodium bicarbonate (0.504 g, 6.00 mmol) was reacted with an equimolar quantity (0.925 g, 6.00 mmol) of 4-fluorophenyl acetic acid at 60 °C in distilled water. After complete neutralization of acid with base, aqueous solution of copper sulphate (0.478 g, 3.00 mmol) was added drop wise. The reaction mixture was stirred for 3 h at 60 °C as depicted in Scheme 1. This was followed by the addition of methanolic solution of pyridine (0.24 mL, 3.0 mmol) with continued stirring for further 3 h under same reaction conditions. The final product was filtered, washed thoroughly with distilled water and air dried. The dried solid was recrystallized from a mixture of chloroform and methanol (1:1).
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Results and Discussion
1. FT-IR Data
FT-IR spectrum of the complex contained all characteristic bands. The bonding mode of carboxylate moiety was indicated by its characteristic intense bands at 1650 and 1442 cm −1 corresponding to asymmetric and symmetric OCO stretching vibrations, respectively. This was supported by the appearance of a Cu-O absorption band at 422 cm −1 which indicated coordination of the carboxylate ligand through oxygen. Value of ∆ν = {ν asym (OCO) − ν sym (OCO)} calculated for complex was 208 cm −1 showing bonding modes of carboxylate moiety to copper(II) ion typical of brigding bidentate fashion. 19 In addition, the appearance of C=N stretching band of complex at a frequency of 1592 cm −1 instead of its normally observed characteristic region (1610-1625 cm −1 ) 20,21 indicated the involvement of nitrogen atom of pyridine in bonding with copper(II) ion. 22 This was further supported by the appearance of a new medium intensity band at 475 cm −1 attributable to a Cu-N vibration. 23 Aromatic C=C and C-H stretching vibrations were observed at 1586 and 1438 and 3031 cm −1 , respectively. Methylene C-H stretching frequency of complex was observed at 2920 cm −1 , supported by the presence of bands at 692 and 1398 cm −1 corresponding to its rocking and bending deformations, respectively.
2. Crystal Structure Description
Ortep diagram of complex with atom numbering scheme is shown in Fig. 1 and crystal refinement parameters and important bond lengths and angles are given in Tables 1 and 2 . Complex crystallizes in triclinic system with space group P-1 having two crystallographically independent molecules in the unit cell as shown in Fig. 2 . Complex displays the classical paddlewheel structure having four carboxylate ligands bonded in a syn-syn configuration, bridging the two copper(II) ions. The coordination environment around each copper ion is {CuNO 4 . [24] [25] [26] Cu-N distance (2.174(4) Å) is comparable to those found for apical N-donor acetonitrile ligand (2.114(2) Å) 25 but longer than those found for imidazole N-donor ligand (1.9815(15) Å) in mononuclear octahedral carboxylate complex. 27 This is attributed to the elongation of apical Cu-ligand bond distance as a consequence of repulsion exerted by the doubly occupied d z2 -orbital along this axis. 28 However, the basic strength of the N-donor ligand also determines the Cu-N bond length. 29 The trans angles Scheme 1. Synthetic procedure for complex Fig. 3 , which is quite different from that of 4-chlorophenylacetate complex with copper, 15 although one might think that there is mere replacement of F for Cl. It may be due to the presence of two crystallographically independent molecules in the unit cell of the former complex. Similarly, C-H•••O type interactions are found between hydrogen atoms of C10-H10B and O8 and C31-H31B and O3. 
Cyclic Voltammetry
Electrochemical study of the complex shows an anodic peak at 0.175 V corresponding to Cu(I)/Cu(II) process and a cathodic peak at -0.20 V corresponding to Cu(II)/Cu(I) reduction. 2, 30 The higher value of peak separation precludes the possibility of reversibility of two redox processes as shown in Fig. 4A .
DNA binding study through cyclic voltammetry
Cyclic voltammetry was employed to explore DNA binding ability of complex at various scan rates. The shift in peak potential was used to decide about the mode of DNA binding activity of complex. A negative shift in peak potential i.e., to less positive region (or to more negative region in case of reduction signal) on addition of DNA indicates electrostatic mode of interaction with complex, 31, 32 while a positive shift in potential i.e., to more positive region (or to less negative region in case of reduction signal) exhibits an intercalative mode. However, pure electrostatic or intercalative modes of interaction are seldom encountered and more often a mixed behavior is usually observed.
Anodic peak of synthesized complex experienced shift to more positive region (or to less negative region in the case of reduction peaks) with addition of DNA. On successive DNA addition there is further shifting of peak potential to more positive potential region as shown in Fig. 4A . This type of binding with DNA is termed as intercalative mode. The predominant intercalative ability of the complex is ascribed to the presence of planar aromatic rings. However, since fluoro groups are more efficient electrostatic binders, there must be a significant contribution of electrostatic interaction to the binding of complex along with intercalation between DNA base pairs.
In addition to peak shift, peak current experienced a diminution on the addition of DNA to complex solution. On the basis of decrease in peak current of the unbound complex by addition of different concentrations (10 to 80 μM) of SSDNA, the binding constant was calculated. The plot of log 1/[DNA] vs. log I/(I o -I) gave rise to a straight line (Fig. 4B) , whose intercept was used to calculate the binding constant using an already reported procedure. 33 The value of K b calculated for complex was 3.695 × 10 4 M -1 which is higher than those of the non-fluorinated structural analogues where F is substituted by H, -CH 3 and -OCH 3 , [13] [14] [15] having K b values 0.033 × 10 4 , 1.44 × 10 4 and 1.007 × 10 4 M -1 , respectively. Since the rest of structural parameters are the same, the higher value of K b must be due to the presence of para-fluoro groups, enhancing interaction of complex with DNA. It can be inferred that there is electrostatic interaction of complex owing to the electronegative F atom along with intercalation of aromatic rings. This leads to facile formation of complex-DNA adduct leading to relatively higher K b value.
The DNA binding ability of the complex was also confirmed by calculating the diffusion coefficient of complex before and after DNA addition. This was accomplished by measuring voltammograms at different scan rates before and after DNA addition and putting the relevant parameters in the Randles-Sevcik equation. 34 The . The lower value of diffusion coefficient of DNAbound complex compared to that of the unbound complex shows a reduction in the mobility of the former. 36, 37 The reduction in mobility of complex with DNA addition shows adduct formation between the two having hampered mobility in solution.
4. Absorption Spectroscopy
The complex exhibited a broad absorption band (shown in Fig. 5A ) with λ max = 737 nm corresponding to d-d transition of Cu 2+ and has been found typical of square pyramidal copper(II) geometry in solution. [38] [39] [40] This shows the relative stability of paddlewheel structure and that square pyramidal structure is retained in solution. The band in d-d region is expected to be sensitive to the nature (basicity and bond length) of attached apical and basal ligands. As the bond length of attached ligands increases, the band is shifted to shorter wavelength (higher energy) region. 41 The same has been observed here where the non-fluoro analogues (where F is replaced by H, 13 ) for complex.
DNA study through absorption spectroscopy
The variation in λ max of complex on addition of DNA can be used to measure the ability of complex to bind with DNA. A blue shift in λ max indicates electrostatic while red shift indicates intercalative mode of interaction with DNA. 42, 43 Shift in λ max is usually accompanied with a pronounced decrease in absorbance which can be used to calculate the extent of interaction i.e., binding constant K b . On successive addition of 10-70 μM DNA to complex A) B) 
Conclusion
A new copper(II) complex has been synthesized which represents new addition to the existing database on paddlewheel type complexes. Its structural, electronic absorption and DNA-binding properties have been compared to those of the non-fluorinated analogues. The peak position in absorption spectrum of complex is shifted in accordance to the altered basic strength of fluorophenylacetate ligand. Electrostatic contribution is included in DNA-binding mode of complex and the extent of DNA-binding is enhanced three times owing to the presence of fluorine in complex. The effect of fluorine is clearly manifested in the modified properties of synthesized complex. 
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